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A. Problems •
Thermal data acquired aboard a U2 NASA aircraft over Walker Lane,
Nevada were forwarded to us for examination. The data illustrated
several noise problems: coherent system noise, scan line dropouts,
"salt and pepper" noise, and gyro noise. At the HET meeting last
January, Dr. Barnes indicated these problems were being addressed.
Hopefully, these noise problems will be corrected before the first data
flights in April over our test sites.
One other problem was presented at the HET meeting in Phoenix.
That problem was that ground calibration data from White Sands Missile
Range might not be acquired for the HCMM Mission to calibrate the
0.5 to 1.1 and 10.5 to 12.5 micrometer radiometer channels. We have
addressed the impact on our experiment if no calibration data are
acquired. (See attached letter.) We would like to reiterate that lack
of calibration will affect our absolute thermal-inertia determinations
and hence comparison between sites and over the seasons.
B. Accomplishments
The prelaunch investigation has focused on interpretation techniques
development. We have worked on two of the principal tasks.
The first of these is further evaluation of our thermal model.
Last year we investigated the magnitude of the errors incurred in
producing a thermal-inertia map and expressed these errors in terms of
uncertainty in thermal inertia. These uncertainties were then placed in
geologic context by noting the separation in thermal-inertia values for
various geologic materials (see attached reprint). We have now developed
a new method of calculating the Jaeger Laplace Transform solution for.
surface temperature which is more efficient on the computer than the old
method. The accuracy of this solution and of two other solutions - the
linear Fourier series and the finite difference - were then recomputed.
This time the analysis was performed using 48 time increments over a diurnal
cycle instead of the 10 increments used previously. The results are that
the Jaeger solution is essentially exact, and the relative accuracy of the
finite difference algorithm is approximately 5% and the linear Fourier
is approximately 5%. We are in the process of extending this analysis of
the three algorithms to determining the accuracy of each in calculating
geothermal heat flux. The benefits of this type of study are twofold:
one is that the geologic application determines the choice of algorithms,
and second is that the study is indicating different possible approaches
to determine the geothermal heat flux.
The next area of study was the development of a procedure for
performing geometric registration. This procedure requires reference
points to be identified concurrently on a control image and on a "distorted"
image. These control points are used to construct a geometric correction
grid. The correction vectors for the grid are determined by a weighting
function of the four nearest control points using an inverse distance rule.
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Once the grid is generated, the geometric correction is applied to the
"distorted" image using a bilinear interpolation routine. The radiance
values are assigned to the new grid using the nearest neighbor method.
These routines have been programmed into our computer and are operational.
We now have certain data products available to proceed with some of
the other phases of the investigation. We have solar and meteorological
data acquired simultaneously at two separate sites. These data will be
analyzed to determine the transient effects on a local versus a regional
scale. We also have solar radiance and sky radiance data acquired on
the same day at altitudes varying from sea level to 14,000 feet. These
data will be analyzed to develop a model of the variation of solar
(direct and diffuse) and sky radiance with altitude. Another product
we have acquired is a map of the southern part of the Powder River
Basin showing sand/shale ratios measured from hundreds of exploration
drill-hole geophysical logs. The measurements lump the top 65
meters of geologic section, but this much of the sequence is exposed
across the area in the rolling hilly surface. The facies shown by
sand/shale ratios in the Wasatch Formation match the previously
determined patterns of vegetation cover displayed in specially
processed spectral-ratio images from Landsat. The existence of
facies which had not been mappable in normal geologic field work is
important information which will bear heavily on the interpretation
effort we proposed for HCMM data. The lateral change across the
study area, from dominantly sandstone to dominantly shale, should be
visible in thermal data at 500 m resolution. The measured sand/shale
ratios will be used as control data for calculating such ratios from
gamma-ray survey data .available at course flight-line spacing for
the entire Basin. These ratios will be used in a later study to
correlate with the thermal-inertia images.
C. Significant Results
The significant results from this reporting period are:
Development of a new more efficient algorithm for calculating
surface temperature.
Determined that this algorithm is essentially exact and that
the relative accuracies in determining thermal inertia of the
finite difference and the linear Fourier series algorithms are
approximately 5% for both.
Developed the procedure for performing geometric registration.
For details of these results, see the accomplishments section.
D. Publications
Presentations were made during this reporting period by four members
of our HCMM investigation team. All of the lectures were presented at
the SEG remote sensing school for exploration geophysicists held
January 23-27, 1978, in Denver, Colorado. The titles of the lectures were:
"Remote Sensing Overview," T. W. Offield
"Digital Enhancement of Geologic Information in Multispectral
Images," D. L. Sawatzky.
"Case History - Thermal IR," K. Watson
"Detailed Techniques - Thermal IR," S. H. Miller.
E. Recommendations
We recommend that NASA acquire the radiometric calibration for the
HCMM investigators. See the problems section.
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G. Data Utility
No U2 or satellite data have been available to us.
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:'-. II. Kill1'!' and Kenneth W:i!.:: ;MI
II..'!. <!•••> loi:! i-a! :'urvey, IVnver, i°»lorado
The errors liu'iirred In producing :i th'-'rnia 1 - Inert In map aro of three r.enera I
type:>: measurement, analysis, :i!iil mode] s I rip 1 I I'l eat Ion . T;> enphas 1 :••.(.• the 500-
'f'.'iy:: lea 1 relevance of t.!:e:;e errors , we express them In terms of uncertainty In
thfiinal inertia and compare these uncertainties W l L l i the therma 1 - I nert la values
or reoK.i-.lo mat.fi-la!:;. ' "'iiu:'- t.ln.- a»p 1 I c:n. I o:m anJ j'l-act. lea 1 1 iml t al Ion:- of V.lie
t-'.'chnlisi"- ai-c 1 1 lii:'.tr:it.»-il.
.'11 .-i-fciVr. art- ca liMilatr.l usliij: 1 In' pat-amotfr values npproprlato to a r.Itc
at tin: Kal't Klvor, Ul . AlMiou,-,!) th.T.f i>:-!-oi- valuor. :;orvo to 1 1 lu:U. rati: tho-mu£-
:ilti:<li:r. l.liat ,-an b<> export fd rr-oi;; t h<- t.hrov.- j:..-n«:ra 1 t.ypi-r. of ei'i-oi-r., oxt.rnpola-
tlon t;o ot.her :-.lt..-s shouli) b'- ilniii: u.-5ini: |iai-ani.-t.i-i- v.iji:c.s particular to the
aiva .
Measurement, errors Introduced by mult 1 spectra 1 scanning systems commonly
ranre I'rom a no Ise-eipi 1 va lent-t.Tiperat.ui-e difference (NF.AT) of O.IK for a i r-
cral't. systems to IK for satellite systems. The result.! n;r. uncertainties In
therm l' Inert'la ran,:o from !'3 "'ID (theri::a 1 -Inert la unit)* to )50 Til).
Tin..... -:nf f* ' i ,»n t . . t 'M> .» > > • ! t 1 1 1 > , » •» 1 1*111-1 t hni 'V were «"* vri 1 11:1 t.eii : l i n e a l * Kom'lor
In tern!* or result Ing
• Moiio 1 ;• Inipl 1 float Ion i-i-rors rt.-nult from throe noisrcon : ti-an:Vlont iM'fect.s,
topography, ami surfacv- (.••-••at I up .M'fi-cty. For oxamplo, flux of 35 wattn/m-
(oqiilv.-iloiit to a watei- evaporation rate of 1.? mn/ilay) would pro.Juce a tliornial-
Inertla error of about POO Till. If no toporraphlc corre-ct Ions ari- mado, a 10"
r.outhwostern slope causes an m-i-or In thermal inert.Ia of about _^0 Til). A
hematite rairt'aco coatlnr one cent Imoter thick on a rock w i l l produce an 'orror
of approxlnately 200 Til), whereas a .one-millimeter layer thickness will have a
noirl'.Jnlblo effect (.15 TIU).
The total systom eri'Oi1:" In thei-mal Inertia are placed In geologic context
by noting the separation In thermal-Inertia value:; for varlcuc |-eoloplo" mate-
rials. For example, the; tliei-mal-lnert la soparat Jon between limestones and
dolomites Is typically 1200 TTU. The error analysis technique Indicator, that
thermal-Inertia dIscrImlnatIon should be possible between black shale and pabbro
(separation of appi-oxlmately ''50 TTU); discrimination between these two mate-
rials war, not possible uslnp Landsat spectral-reflectance data.
F.rrors In thermal Inertia can be translated Into errors In bulk density
and moisture content. Thermal-Inertia mapp1"!". from aircraft (NEAT = O.IK) lias
an accuracy of about 1* In bulk density or ccr.il valfnt ly, a sensitivity of 0.3*
In water content. From satellite (HKAT = IK) these accuracies are 9* and 3*
i-espect lyely.
A practical
data acqu!red at
luvlum, havine'a
evaluation of the error analysis .Is demonstrated for aJrcr.-it't
Raft River, Id. We cannot discriminate. U.-_- tuff from the al-
lowi.-r thermal Inei'tla, a:'.d the iava, liavlnp a hif.hor thermal
1 watt sec •'/m'VK
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Inert 1:1, w i t h o u t ;i topographic correct ion, but wo can d i s c r i m i n a t e the lava
f lows from t h e a l l u v i u m .
1. ISTKOIHIOTION
Thermal- Iner t la mapping. Is a r e c e n t l y developed t echn ique t.liat a l l o w s dls-
i M M n - . l t i a t . t o i i among goo log le m a t e r i a l s ( I ) , |2 | , I :) I . I 4 ) . 1 5 ) . | « -1 . The purpose
of t. l i l : ' - paper '.:; t.o d iscuss the typos aiul magn i tudes of errors encountered Hi
a p p l y i n g t h i s t e c h n i q u e and to express these errors In a g e o l o g i c a l l y meaning-
ful w a y . The errors are of throe ma.lor types: measurement errors, an:. lysis
errors, ami motiiM s i m p l i f i c a t i o n anil a s s u m p t i o n errors. Tin- mn.lpr focus of
t h t : \ paper hi t.o develop a prooiMure to ;-.oloot. an a l/ 'Oflt .hm which la appropri-
ate to the t fool iV-to a p p l K - ' a t l o n am! w h l i M i ml n l m l " rs computer t ime .
In a d d i t i o n t .o p ivaont lnr . tlif mat homat l e a l bar. Is for t i n - t;hroi- ali:orl thm::,
wo provldi : a i iunit 'rK'al ova l u a t Ion w i t h rospoct to an ox.-u-t. s o l u t - l o n . K.-.t. Iniat.es
of the error;- due t:o mear.ur.-ment and model s i m p l i f i c a t i o n are combined w i t h the
analy:--!.-; (-rror:;, and all errors are expressed as uneer ta Inr . los In t h e r m a l
I n e r t i a . Theae cemt ' lned error;-, are compared to the the rmal - Iner t la value;-
de te rmined for some yel 'eeted |-.er>lo|-le s i t u a t i o n s . A:'- an I l l u s t r a t i o n of tho
analy:-. 1 ;•- t eehnl . )ue , the Kourier-seiMes a l g o i M t h m Is a p p l i e d t.o the const .motion
of a t h e r m a l - I n e r t i a map of an area In the R a f t Ivlver , Id.
.?. ' ' MATIIKHATI 'CAl. . 1»A:US
Thermal I n e r t i a Is a ph.vs lea l property of geologic m a t e r i a l s , and I ts v a l u e
eaii be de te rmined by measurements of the d i u r n a l v a r i a t i o n of sur face tempera-
ture and tho a lbedo of the surface. A p h y s i c a l model for the sur face tempera-
ture v a r i a t i o n Is therefore required.
We assume one-.! Imcns lona 1 , p e r i od i c h e a t i n g of a u n i f o r m h a l f spai-e of
constant thermal p roper t i e s . The ground t empera tu re obeys the d i f f u s i o n
equal Ion:.
v(x,t) (1)
Where v ( x , t ) Is the ground temperature at. a
a t i m e t, and K Is the the rma l d 1 f fus 1 v'l t.y .
distance x below the surface
To solve this oo,uat Ion 'for the surface temperature, we reini 1 re a form of
the solution appropriate to the diffusion equal Ion and the boundary condition,
which assumes conservation of energy over the diurnal cycle. He fore looking at
possible forms of the solution, we need to Investigate the boundary condition.
If we assume a heat-ba'.ance condition exists at the surface, then the_. : 
Incoming heat fluxes--t.ho incident solar radiation (1), the sky radiation (S),
the geot.hormal t eat flux (Q)—must balance the outgoing fluxes—the con-
flux (0). the evaporative flux (E), and the ground reradlatlon flux (fi).
The resulting expression of the heat flux at the surface la:
and
vectlvc
-K 3 v(x.t)3x,
where K Is the conductivity of the matorl.nl. The convectlve and evaporative
fluxes are Included In equation :> for completeness'; however those terms will bo
handled only ijual 1 tat I vely In. this paper.
The parameter of Interest, the surface temperature. Is present In equation
.? In the heat-conduction term (the left hand side of-equation :.') and In the
ground-reradlal.len term (K). Kquatlon :? 1 r- rewritten to display the surface
temperature:
11 A3
:
-K » v(x.t)3X • -co v(O.t)
11
 + a(t) + Q (3)
x-0
where c Is the moan omlss I v I t.V of the ground, a Is the Stofan-Bol tumann con-
stant, aft) Is a term combining the time-dependent solar flux and sky radiation
flux and thus Include?, tin- surface albedo and emlsslvity, ind 1} iR the f.eo-
thormal heat flux. This expression must be satisfied for my equatlonal form
of v(x,t) chosen fop the solution to the diffusion oqiiatloi. The nonl 1 near
form of this boundary condition prevents a direct analytic il solution of the
diffusion equation. An exact numerical solution can be calculated |71; however,
the complexity, the" difficulty of 11lust rat lug the physical significance of
terms, and the computer' costs all provide Incentive for Investigating less
exact algorithms.
One method of handling the nonlinear boundary condition Is to linearise
It and to express the sc.utton to this condition in an exact form" as" nn Infi-
nite Fourier series. The linearisation Is achieved by performing a Taylor-series
expansion of the surface t.empe.ratu.ro around the sky temperature and discarding
quadratic and higher order "terns. This solution has bei.Mi discussed In detail
by Watson (l),.nnd the form of this solution Is:
sky
cos(nut -
(1)
where
"
c
°
Tskv
tan
and "T
 k Is the sk.S- temperature,. (\ Is the ground albedo, C is an effective
atmosp.hei'lc-transrilsslon factor, -so I s the solar constant, Q Is the Reotherm.il
heat flux, A and c are the. amplitude and phase of the nUi harmonic of the
insolation, and I' IK the thermal Inertia.
Another method of solving the diffusion equation is to use the exact, non-
linear boundary condition and to apply a.finite-dlfference Iterative technique
19). This solution assumes the form: • '
V - 2-V + V
m+l,n m,n m-1,n At-
/v
v m,n+l
_
 v \
m,n' (5)
where V Is the ground temperature at a time, nAt, and distance from the sur-
face, mix; fix and fit are small increments In distance and time; and-K is the
diffuslvlty.
The forward finite-difference, method requires an Initial solution and pro-
pagates this solution forward In time. To Insure continuity at the boundary,
the heat-balance boundary condition must be satisfied. The boundary condition
for the forward finite-difference solution is expressed as:
•O.n*l - -1,»+1 ' K- ' \'0,.vH'(n+1> A4
where K is the conductivity and f Is the flux (r-q. 2).
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The second type of error Is a misregistration of a calculated thermal
Inertia to a topographic nap. This error Is an Inaccuracy In the assignment of
a ttu-i-mal Inertia to a particular geographical point. We have not estimated
the magnitude of these errors; however, we have qua.l 1 tat 1 vely examined them.
Misregistration of. either type results from one of two conditions: the •
spatial frequency of the misregistration Is higher than the spacing of the re-'
ference features or the Image features are not discernible enough to select
suitable reference points , The. first of these condltions--the rapidly varying
scene—Is correctable by choosing'more frequent reference points, and the re-
sulting errors In thermal inertia can be minimised. The additional points do
Impose a significantly higher computer time. The second condition—low scene
contrast — is common especially In nighttime imagery. In such 'situations the
best estimate of the location of a reference feature on an Image-pair is made
by scaling the distance from other Identifiable features. In this case, the
resulting registration may be geomet"Ically inaccurate but numerically equiva-
lent due to the resulting low contrast image, which will not exhibit much vari-
ation in temperature and/or reflectance values. Thus, these errors produced
in computing or assigning thermal liter';' .-;re small. The edge effects that may
be produced by identifying features b; .ing can be reduced by spatial fil-
tering.
In addition to the measurement errors, another important source of error
in thermal-Inertia mapping results from simplifications introduced by a par-
ticular model. These simplifications include the exclusion of transient, fluxes,
topography, and/or surface-coat ing effects.
Transient effects are those resulting from such conditions as cloudiness,
wlndiness, or- ground moisture. Effects of this type can be viewed as a flux
perturbation on the periodic solution 111], To illustrate this situation, we •
consider a heat-flux perturbation of 35 watts/m2. The magnitude of this per-
turbation is equal to 2.5? of the solar constant; or an equivalent change in
sky temperature of 10JK, or the effect of an evaporation raVo-. of I.1) x 10~6
m/sec (1.1? mm/day). The transient-effect calculation was made by varying the
duration of the perturbation and noting the resulting change In surface cem-
perature at a later time. A graph expressing the resulting errors in thermal
inertia is presented In figure 1. The maxim'-n error Introduced by this, per- .
turblng flux i s approximately 2 0 0 TIU. . . - . " '
Correctable topographic effects require an assumption as to the•scattering
•.Ifiw Tcsr thf sloping sin'face, and the need to neglect roradiatlon betwee.i • adja-
• ••>: pwfiices. We shall assume that the surfaces are Lambert reflectors, and
Visus cite local solar flux is proportional to the cosine of the angle between
the surface normal and the solar radiation. In that case, an ea-st or west
i.lope to the surface causes a phase shift in th diurnal temperature curves,
and a north or south slope to the surface produces a change in amplitude of the .
diurnal curves. A surface oriented in any other direction produces a comblna- . " M
tion of phase shift and amplitude changes. Both changes result in erroneous , '
day/night temperature differences. Similarly, slope and surface orientation
affect ";he reflectivity and can cause erroneous determinatIons of albedo. Both ' .
temperature and albedo errors contribute to an Incorrect determination of
thermal Inertia. The magnitude of this error (using the Raft R'ver parameter
values) for a 10 slope facing southwest is approximately 350 TIU with the max-
imum error In thermal Inertia occurring for. a southwestern facing surface (fig-
ure 2). .
Surface coatings change both the.surface reflectivity and the diurnal tem-
perature; hence they affect the apparent thermal inertia of geologic materials.
We examined the thermal effect of a hematite coating over a half space, having
the average thermal inertia of igneous .rocks. Figure 3 shows the Implied
change in equivalent thermal inertia for various thicknesses of this layer [8],
For example a hematite layer of 10 millimeters will produce a change in.thermal
Inertia of approximately 300.TIU. If the layer thickness is less than 1 milli-
meter, the coating is transparent in terms of thermal-inertia mapping but will
be observable as an albedo difference.
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01 the three r - ln .p l I f t e a t ion e f f e c t s d o s r r l h e d . enlv the t opo.-aprv cor-
rect ion Is at a stage c.f development to be incorporated' I n t o t hi- t h e r m a l - •
I n e r t i a m a p p i n g . The l o c a l v a r i a t i o n : - In tho su r face s t a l n l n , : . vegot a t Ion
cover, and su r face roughness occur at a\soale w h i c h precludes d e t a i l e d rv.odolln,.-
because t h a t w o u l d re . iulro d - t a l l e d kr.oV lod.-.e of these ef fec t : - , a t every p o i n t
In the to s t s i t e . - We cons ider t hose .ty; s of e f f e c t s oeeuyrln,- at a l oca l
scale l r ro .« - io lb to for ar.;; •o rao tU-a l u-se of r,-:-.iot .-sons !<>.>: tochnlo ,ucs . :Mmi lar-
i . \ . t o p o g r a p h i c e f f e c t : - . In I ••;•:> 1 1 ::o.l ar.-as due to depar t t i ro fvom l,amber.v omis-
sion, rora.tlat Ion bet ween adjacent, surfaces, or sh-idowln.- of fee'-, are -i 1-;o
p r o b a b l y In the same cat ogory. " '
!>. P U V N i M l N ' A T I . O N OK U K . i L O r t l C K A T K K f A I . S
In the previous seel Ions , the t y p e s and ma.-:n 11 lidos of errors encountered
I n . p e r f o r m i n g Vherma 1-1 noi - i I a napping o d iscussed . ?)ow these -rrors are
placed In geologic context and thereby .-vide c r i t e r i a for ovalual-In,- the on-
. .Ire procedure. Thus -.he ;-.e!octIon of nodol ln . - a l g o r i t h m and ,1-it --col 1 ect l - .n
procedure can bo examine.! In the 1 tght
 of a p a r t i c u l a r goo log i c s i t u a t i o n .
As an must rat I o n . assume tha t we w i s h to d I so i - l r - . l nat o be tween 1 I m e s t o n e
and , iolomlte fron; a s a t e l l i t e In a study s i t e that Ms r e l a t i v e l y f l a t and whose
o u t c r o p s Irivo I ron-oxide s t a i n s of a p p r o x i m a t e l y ono-::il 1.1 Imet or ' t h l ckness .
Krror yourcos Krror M a g n l f.u>l_o
s a t e l l i t e measurement ]r;0 T!1,
!:^;^!r!>:1pl!10.-l'l'lV'Mti , .. ° TTU
typica l t r ans lon t e f f e c t s j r r f i H M U
These iseasurononv .M-.-..1 i-ode! s I r.;p. I'. f I e", t Ion 'errors are new conl-Incd w i t h the
a i - .a lys ls orr;;.-:-.. The total system errors fo:- -each a Ir.^rl t!'.m - a r e :
Four I of series . - yr,(, ,rn,
Pin! to. d i f f e r e n c e ,\(-.0 rn,
Lap lace t . f f ins fo i ' i r . • 'j 'iO TIU
We now know t h a t we cannot .1! sc.r I m l n a ! e b e t w e e n ,-.eolepIc m a t e r i a l s h a v i n r
J> t h o r m a U I n e r t l a d 1 f feror .ce of loss t h a n 'rjil TIU us.ln.-; the l-'ourtej-serlos or"
o: less t:h.an '5rjO TIU usin,: the Lap lace-trans form a ! ,-.or I t h m .
.- Fl^uro 'I sl-.ows t h e r m a l - I n e r t i a h i s t o g r a m s of v a r i o u s sod I m o n f - i r y •-.> -k-.
[12. 1 < \ . l-'rom tho hls toi-rams, we can de t e rmine r.haf a t y p i c a l t h e r m a l Inert! •>
. t o r l imes tones 3s 2^00 TIU and for dolo.nlt.es Is ^00 T I U ; ' thus the separation
.Is (-roator t .han th.e least accurate of tho a 1 .-;or 11 hms. iMnce any of the th.'-ee
analyses algori thms? can be used, the se lec t ion of the alfori ' thm' wll 1 bo deier-
n.Inod by t.ho cost /of foc.tl voness c r i t e r i a and the Fourier series w n - i l d be
selected.
In the h y p o t h e t i c a l case. I f wo w i s h to d i s c r i m i n a t e between sandstones
and dolomi tes , w h i c h t y p i c a l l y have a thermal l:-.ort!a separation of SMl TIU
w e must select t h e Laplace- t ransform a l g o r i t h m . . . . .
• Table 3 shows f.vp leal t.herma 1 -1 nert .1 a. va lues for a range of I .-.neons' rooks .
i he separat ion between a f i n e - g r a i n e d f e l s l e rock (rhye1. I t e j and a' coarso-
grahi'.-d f e l s l c rock (,-.ran!to) Is only .:00 T I U ; tb.o .--oparatlon between rhvo l l t e
and a coarse-grained m a f i c rock ( g a b b r o ) . i s a p p r o x i m a t e l y iioil TH! IM -=c'r I n - I i r i -
t l o n ;-:• a f Ine-gralned . fe Is !o rock f rom a coarse-brained" fe Is! c. rock can be '•
ac.hlev..^ with the Laplace- t ransform tochnio,uo, usin.- many I t e ra tU- i - . a-ul -.ho-t-
enln,- tho t . lmo I n t e r v a l - . iM scr I n l n a t . K > n of a flno-'.:i-a I nod f e l s l o rock from i
coarse-grained maf i c rock car. be achieved w i t h e i the r - the f I n I te-d I f f orenco '
a l g o r i t h m or the Lap laco- t r a n s f o r m a l g o r i t h m , depend ing f i r s t upon t he me-i--
uremoTit. and model errors and second upon -.-he cost/effectiveness.
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ROCK TYPE
Black Shale
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Argllllto
Black Chert
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